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Sox2 is a high-mobility transcription factor that is one of the earliest
markers of developing inner ear prosensory domains. In humans,
mutations in SOX2 cause sensorineural hearing loss and a loss of
function study in mice showed that Sox2 is required for prosensory
formation in the cochlea. However, the specific roles of Sox2 have not
been determined. Here we illustrate a dynamic role of Sox2 as an early
permissive factor in prosensory domain formation followed by a
mutually antagonistic relationship with Atoh1, a bHLH protein nec-
essary for hair cell development. We demonstrate that decreased
levels of Sox2 result in precocious hair cell differentiation and an over
production of inner hair cells and that these effects are likely medi-
ated through an antagonistic interaction between Sox2 and the bHLH
molecule Atoh1. Using gain- and loss-of-function experiments we
provide evidence for the molecular pathway responsible for the
formation of the cochlear prosensory domain. Sox2 expression is
promoted by Notch signaling and Prox1, a homeobox transcription
factor, is a downstream target of Sox2. These results demonstrate
crucial and diverse roles for Sox2 in the development, specification,
and maintenance of sensory cells within the cochlea.
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The sensory epithelium of the mammalian cochlea (the organ ofCorti) develops from a pool of prosensory cells derived from
the ventral region of the otocyst. Proper development of the cochlea
requires that cochlear progenitor cells transition through states of
developmental competence, coordinated cell cycle exit, and cell
fate specification and differentiation to generate the distinctly fated
cell populations within the highly ordered mosaic of the organ of
Corti (1). The signal transduction pathways that coordinate co-
chlear prosensory specification are only beginning to be identified.
Moreover, since these signal transduction pathways are unlikely to
be linear cascades, it will also be necessary to determine how
different pathways are organized into complex signaling networks
that ultimately generate precise and unique responses within indi-
vidual cochlear prosensory cells.
Sox (SRY related HMG box) proteins are a group of transcrip-
tion factors that regulate diverse developmental processes; for
instance, Sox2 is a universal marker of stem cells and is also
expressed in neural progenitor cells at different stages of central
nervous system development. Sox2, along with Sox1 and Sox3,
comprise the SoxB1 group. Members of this group are thought to
maintain neural precursor cells in a progenitor state by inhibiting
bHLH-mediated neuronal differentiation (2). Reciprocally, bHLH
proteins must suppress expression and activity of SoxB1 proteins to
induce cellular differentiation. A recent loss-of-function study
demonstrated that Sox2 is required for development of sensory
epithelia, including the organ of Corti, within the inner ear (3).
However, despite its absolute necessity for the formation of inner
ear sensory epithelia, the specific role of Sox2 remains mostly
unknown.
In this study, we elucidated the developmental role of Sox2
through gain- and loss-of function studies in addition to identifica-
tion of both upstream regulators and downstream targets. The
results of these experiments enabled us to establish a Sox2 signaling
cascade that includes the Notch signaling pathway upstream of Sox2
and the transcription factor Prox1 as a downstream target of Sox2
in the cochlea. Moreover, we present in vitro evidence consistent
with a reciprocal antagonistic relationship between Sox2 and
Atoh1, a bHLH protein, in which Sox2 expression represses Atoh1-
induced hair cell formation while expression of Atoh1 leads to
down-regulation of Sox2. These conclusions are supported by the
demonstration of ectopic inner hair cells in cochleae from Sox2
hypomorphic mice, suggesting that the level of Sox2 determines, at
least in part, the number of cells that develop as inner hair cells.
These results suggest that Sox2 expression is required for specifi-
cation of prosensory cells but that subsequent down-regulation of
Sox2 is similarly required for a subset of those cells to differentiate
as hair cells.
Results
Sox2 Is Expressed in the Prosensory Region of the Cochlea. As a first
step toward understanding the role of Sox2, we examined its
expression in the developing cochlea. Within the cochlear duct at
E12.5, Sox2 is expressed in a band of cells located in the medial half
of the duct that appear to correspond with the prosensory domain,
the population of cells that will give rise to the organ of Corti (Fig.
1A). This was confirmed by comparing the expression of Sox2 with
p27kip1, a known marker of the prosensory domain (4) at E14
(supporting information (SI) Fig. S1). At E16, the band of Sox2
expression within the cochlear duct correlates with the position of
the developing organ of Corti (Fig. 1B). In addition, Sox2 is
expressed in cells in Kolliker’s organ (KO) located adjacent to the
medial edge of the developing sensory epithelium. Within the organ
of Corti, Sox2 expression begins to be down-regulated in cells that
will differentiate as hair cells while it is maintained in cells that will
develop as supporting cells—inner phalangeal cells, inner pillar
cells, outer pillar cells, Deiters’ cells, and Hensens’ cells (Fig. 1B).
To confirm that down-regulation of Sox2 correlates with hair cell
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differentiation, expression of Sox2, and the bHLH transcription
factor, Atoh1 was compared at E16.5. Sox2 (brown) in Atoh1-
positive hair cells (blue) is downregulated (Fig. 1C). At P0, expres-
sion of Sox2 is restricted to supporting cells and to a group of cells
within KO (Fig. 1D) (5).
Forced Expression of Sox2 Inhibits Hair Cell Formation. Previous
results had demonstrated that Sox2 expression is necessary for
development of all of the cell types within the organ of Corti,
including mechanosensory hair cells and non-sensory supporting
cells (3). To determine whether the observed down-regulation of
Sox2 is necessary for hair cell formation, prosensory cells were
transfected with Sox2.nucEGFP at E13 resulting in maintenance of
expression of Sox2. The expression vector also contained an inter-
nal ribosome entry site (IRES) sequence which resulted in the
generation of independent transcripts for nuclear-localized en-
hanced green fluorescent protein (nuclear EGFP) under the con-
trol of the same promoter. Cochlear explants were maintained for
6 days in vitro and cells that maintained expression of Sox2 in the
sensory epithelium were analyzed using expression of Myosin6
(Myo6) as a marker for hair cell development. While Myo6 is
expressed in a number of different tissues throughout the body,
within the inner ear, it is expressed in all hair cells and in no other
cell types (6). Quantification of transfected cells indicated that
99.4% of cells transfected with Sox2 in the sensory epithelium were
inhibited from developing as hair cells (Fig. 1 E and F and Table S1)
suggesting that maintenance of high levels of Sox2 expression
inhibits hair cell formation. In contrast, 50.1% of prosensory cells
transfected with a control vector expressing only nuclear EGFP
developed as hair cells (Table S1). Overexpression of Sox2 had no
effect on support cell fate (data not shown) demonstrating a specific
inhibition of hair cell fate by Sox2.
An Antagonistic Relationship Between Sox2 and Atoh1. Following a
period of co-expression with Atoh1, Sox2 becomes down-regulated
in progenitor cells that will develop as hair cells. The timing of Sox2
down-regulation correlates with increased expression of Atoh1 in
the same cells. This pattern of expression, along with the demon-
strated existence of an antagonistic relationship between SoxB1 and
bHLH transcription factors in the CNS (2), prompted us to
investigate whether a similar relationship exists between Sox2 and
Atoh1. As a first step, P19 embryonic carcinoma cells, which express
Sox2 endogenously (Fig. 2 A and B), were transfected with
Atoh1.EGFP containing an IRES sequence (Fig. 2C) and assayed
for expression of Sox2 after 24 h. Transfected cells were consistently
Sox2-negative suggesting that Atoh1 antagonizes Sox2 expression
(97% of Atoh1-transfected cells were negative for Sox2 expression;
n  4, t  63) (Fig. 2 A-D).
To examine whether Sox2 antagonizes the effects of Atoh1, cells
within KO or the lesser epithelial ridge (LER, located lateral to the
sensory epithelium) were transfected with either Atoh1 alone or a
combination of Atoh1 and Sox2. Transfection of Atoh1.EGFP
resulted in expression of the hair cell marker Myo6 in 97.2% of
transfected cells (Fig. 2 E and F and Table S1) (7, 8) while cells
transfected with Sox2.nucEFGP did not express hair cell markers
(Fig. 2G and Table S1). To confirm that transfection with
Atoh1.EGFP results in the induction of a hair cell fate, transfected
cells were also assayed for the expression of a second hair cell
marker, Myosin7a (6) and for the presence of a stereociliary bundle.
Nearly all Atoh1.EGFP-transfected cells expressed Myosin7a and
had a stereociliary bundle (Fig. S2). In contrast, only 50.1% of cells
co-transfected with Atoh1.EGFP and Sox2.nucEGFP developed as
hair cells as compared with 97.2% when Atoh1 was singly trans-
fected (Fig. 2 H-J and Table S1). These results suggest that even
though Sox2 is necessary for the expression of all or most aspects
of the prosensory domain, Sox2 also acts as an antagonist by
inhibiting the ability of Atoh1 to induce hair cell formation. If this
is the case, then reducing, but not eliminating, Sox2 activity might
lead to premature formation and over-production of hair cells due
to a decrease in the antagonistic effect on Atoh1 function. To test
this hypothesis, we examined cochleae from hypomorphic
Sox2EGFP/LP mice which express Sox2 at approximately 30% of
normal levels (9). At E15.5, wild-type cochleae contain only a single
row of Myo6 positive inner hair cells (Fig. 2K). This single row of
inner hair cells extends along the basal half of the cochlear duct.
This pattern is consistent with the known basal-to-apical gradient
of hair cell differentiation. In contrast, in cochleae from E15.5
Sox2EGFP/LP littermates, a single row of inner hair cells and two rows
of outer hair cells were clearly evident in the basal half of the




Fig. 1. Sox2 is expressed in the prosensory domain and inhibits hair cell formation. (A-D) Immunohistochemistry using anti-Sox2 (red in A,B, and D and brown
in C) and actin (green in A, B, and D) on mid-modiolar cross-sections of WT cochleae shows Sox2 expression at E12.5, E16, and P0. Sox2 is broadly expressed in
the prosensory cells at E12.5 (A); however, by E16 Sox2 levels are downregulated in cells that will subsequently acquire a hair cell fate (B, arrows). (C)
Co-localization of Sox2 (brown) and Atoh1 (-gal staining in blue) in the organ of Corti of Atoh1LacZ/ mice at E16.5 demonstrates downregulation of Sox2 in
Atoh1-positive hair cells. (D) By P0 the expression of Sox2 is restricted to supporting cells (Inset: organ of Corti) with weak expression in a subset of cells within
KO. Sox2 overexpression inhibits hair cell formation. (E) Low-magnification confocal image of a cochlear explant culture transfected with Sox2.nucEGFP. Explants
are comprised of three regions, KO, the SE, and the LER, see Experimental Procedures for details. Transfected cells are typically present in all three regions (arrows
in KO and LER, and arrowhead in SE). (F) High-magnification confocal image of a cochlear prosensory cell transfected with Sox2.nucEGFP (arrowhead). The
transfected cell is negative for the hair cell marker Myo6 (red); (Inset) Z-stack confocal cross-section of the cell illustrated in F. Although the cell is located in the
hair cell layer, it is negative for Myo6. KO, Kolliker’s organ; LER, lesser epithelial ridge; SE, sensory epithelium; OC, organ of Corti; IHC, inner hair cell; O1-O3,
outer hair cells; IPh, inner phalangeal cell; IP, inner pillar cell; OP, outer pillar cell; D1-D3, Deiters’ cells; HeC, Hensens’ cells. (Scale bars, A, B, D, 20 m; C, 10 m;
E, 50 m; F, 10 m.)














the number of inner hair cells was observed along the entire length
of the basal-to-apical axis of the cochlea in Sox2EGFP/LP mice (P 
0.001) (Fig. 2 M-O). The increase in inner hair cell number was not
at the expense of support cells as marked my Prox1 or Sox2 (data
not shown). No significant change was observed in the length of the
sensory epithelium or in the number of outer hair cells. Moreover,
the epithelium was continuous along its entire length. A comparison
between cochleae from animals with different levels of decreased
Sox2 activity demonstrated a dose-dependent effect on the number
of additional inner hair cells (Fig. 2 O).
Sox2 Induces Prox1 Expression in the Cochlea. The initial onset and
pattern of expression for Sox2 coincide with, but precedes and is
slightly larger than, that of Prox1, a homeodomain transcription
factor that is expressed in the developing sensory epithelium and
also becomes restricted to supporting cell nuclei by P0 (10, 11) (Fig.
3 A and A’). Since expression of Prox1 overlaps with Sox2 in the
lateral region of the cochlear duct (Fig. 3B), we speculated that Sox2
might be required for Prox1 expression. To examine this hypothesis,
expression of Prox1 was determined in cochleae from Sox2Lcc/Lcc
(light coat and circling) mice (3). Consistent with this hypothesis,
Prox1 expression was absent in cochleae from Sox2Lcc/Lcc mice at
both E15.5, a time point just after the normal onset of Prox1
expression (Fig. 3 C and D), and P0 (Fig. S3). To determine whether
Sox2 induces Prox1 expression, Sox2 was ectopically expressed in
cells within cochlear explants. Forced expression of Sox2.nucEGFP
induced expression of Prox1 in 100% of transfected cells (n  4, t 
103) located throughout the cochlea including KO (Fig. 3 E-G) and
the LER (Fig. 3 H-J). In addition, cells transfected with
Sox2.nucEGFP in the developing sensory epithelium show an
apparent increase in Prox1 expression (Fig. S4). In contrast, cells
transfected with nuc.EGFP alone did not express Prox1 (data not
shown). To ascertain if down-regulation of Prox1 is required for hair
cell formation, cochlear prosensory cells were transfected with
Prox1.nucEGFP; 95.5% of cells that maintained expression of Prox1
were inhibited from developing as hair cells as assayed by Myo6
(Fig. 3 K and L and Table S1), suggesting that the inhibitory effects
of Sox2 could be mediated, at least in part, by Prox1. To test this
hypothesis directly, non-prosensory cells located in KO or the LER
were co-transfected with Atoh1.EGFP and Prox1.nucEGFP as
described previously. Only 4.5% of co-transfected cells developed
as hair cells (Fig. 3M and Table S1), strongly supporting the
hypothesis that Prox1 plays a key role in the antagonistic effects of
Sox2.
Notch Signaling Regulates Expression of Sox2. Jagged1-mediated
activation of the Notch pathway has been shown to be required for
specification of most inner ear prosensory domains (12). To de-
termine whether expression of Sox2 is dependent on Notch signal-
ing, activation of the Notch pathway was inhibited in cochlear
explant cultures beginning at E13 by exposure to the -secretase
inhibitor DAPT (N-[N-(3,5-dif luorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester), which blocks Notch signaling. DAPT
treatment in cochlear explants leads to a reduction in the expression
of both Sox2 (Fig. 4 A and B) and consequently Prox1 (Fig. 4 C and
D), suggesting that Notch signaling is required to maintain Sox2 and
Prox1 expression within prosensory cells. However DAPT treat-
ment also results in a significant increase in the number of hair cells
as previously reported (13) (Fig. 4 E and F) suggesting that the loss
of Sox2 and Prox1 could be a result of changes in cell fate rather
Progressive decrease in the level of Sox2 activity result in an increase in the
number of extra inner hair cells (stars in N). (O) Quantification of extra inner
hair cells in Sox2/ (n  5), Sox2EGFP/ (n  5), and Sox2EGFP/LP (n  3 from 2
mice) littermate cochleae indicates a significant increase in extra inner hair
cells in Sox2EGFP/LP cochlea (P  0.001). Error bars are S.E.M. IHC, inner hair cell;
O1-O3, outer hair cells. (Scale bars, A-J, 10 m; K-N, 20 m.)







Fig. 2. An antagonistic relationship between Sox2 and Atoh1. (A-D) P19 cells,
labeled with DAPI (blue in A), endogenously express Sox2 (red in B). However, the
cell transfected with Atoh1.EGFP (asterisk in A-D) is negative for Sox2 expression
(B-D). Sox2 antagonizes Atoh1 in vitro. (E-G) Cells within KO or the LER trans-
fected with Atoh1.EGFP alone are positive for Myo6 (red) indicating develop-
ment as hair cells (E-F) while Sox2-transfected cells never develop into hair cells
(G). (H-J) Cells within the LER that are co-transfected with Sox2.nucEGFP and
Atoh1.EGFP. One cell is positive for Myo6 (red), while the other is not, illustrating
the antagonistic interaction between Sox2 and Atoh1. Early hair cell differenti-
ation and formation of extra hair cells in Sox2 hypomorphic cochlea. (K-O)
Cross-sections of the basal turn of the cochlea from Sox2/ and Sox2EGFP/LP mice
at E15.5. (K) Anti-Myo6 labeling shows the presence of a single inner hair cell in
the Sox2/ cochlea (arrowhead). (L) In contrast, the Sox2EGFP/LP cochlea contains
a single inner hair cell (arrowhead) and two outer hair cells (arrows). (M and N)
Analysis of hair cells (labeled with anti-Myo6) in cochleae from E18 littermates.
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than a direct effect of the Notch pathway on Sox2/Prox1 expression
in prosensory cells. Therefore, to determine whether activation of
Notch is sufficient to induce expression of Sox2 and/or Prox1,
Notch1 intracellular domain (NICD) was ectopically expressed in
cells within KO or the LER. An average of 96.4% of NICD.EGFP-
transfected cells were positive for Sox2 expression (Fig. 4G; n  3,
t  51). None of the cells transfected with the control vector
expressing EGFP alone were positive for Sox2 (n  3, t  47; data
not shown). However, no NICD.EGFP-transfected cells were ob-
served to express Prox1 (data not shown). These results suggest that
activation of the Notch signaling pathway acts to induce ectopic
expression of Sox2, but that additional factors are required for the
subsequent activation of Prox1 in the same cells. This result is also
consistent with the observation that Prox1 is only expressed in a
subset of prosensory cells. Furthermore, NICD overexpression in
the sensory epithelium was inhibitory to hair cell formation (n  5,
t  35; data not shown) similar to results obtained for Sox2
overexpression. To confirm that Notch signaling acts upstream of
Sox2, we examined Notch1 expression in Sox2Lcc/Lcc mice at E15.5.
As expected, expression of Notch1 is present in these mutants (Fig.








Fig. 3. Sox2 regulates Prox1 expression. (A and A’) Labeling of Prox1 (red)
and actin (green) on a mid-modiolar cross-section from a WT cochlea at P0
shows expression of Prox1 in a subset of support cell nuclei; IP, OP, and D1-D3.
(B) Double-immunolabeling using anti-Prox1 (red) and anti-Sox2 (green) in-
dicates overlap of Prox1 and Sox2 expression in the lateral region including PC
and DC nuclei. (C and D) Prox1 is absent in cochleae from Sox2Lcc/Lcc mice. (C)
Anti-Prox1 (red) staining labels nuclei of prosensory cells (circle) at E15.5. (D)
In contrast with WT, Prox1 staining is absent in Sox2Lcc/Lcc mutant cochlea at
E15.5. DAPI (blue) staining in C and D shows cell nuclei. Sox2 induces ectopic
expression of Prox1. (E-J) Sox2.nucEGFP transfected in cells within KO (E-G), or
the LER (H-J) are positive for Prox1 (red). (K and L) Forced expression of Prox1
inhibits hair cell formation. Cochlear prosensory cells were transfected with
Prox1.nucEGFP. (K) Low-magnification view of confocal image of explant
culture illustrating Prox1.nucEGFP transfection (green) in KO and SE (arrow-
heads). (L) High-magnification view of the SE demonstrating that
Prox1.nucEGFP expressing cells (arrowheads) are negative for the hair cell
marker Myo6 (red). (M) Co-transfection with Prox1.nucEGFP and Atoh1.EGFP
results in inhibition of Atoh1. Despite expression of Atoh1, the cell is negative
for Myo6 (red). IHC, inner hair cell; IP, inner pillar cell; OP, outer pillar cell;
D1-D3, Deiters’ cell; O1-O3, outer hair cells; IPh, inner phalangeal cell; HeC,
Hensens’ cell; KO, Kolliker’s organ; LER, lesser epithelial ridge; SE, sensory






Fig. 4. Notch signaling is required for Sox2 expression. (A-F) Inhibition of
Notch signaling using the -secretase inhibitor, DAPT on cochlear explant
cultures beginning at E13 results in the reduction of Sox2 (A and B) and Prox1
(C and D) expression. (E and F) In contrast, Myo6 labeling indicates an increase
in the number of inner and outer hair cells in DAPT-treated explant cultures.
(G) Forced expression of NICD.EGFP in cells within the LER induces Sox2
(yellowish red nuclei) expression. (H) Notch1 expression (brown) is present in
E15.5 Sox2Lcc/Lcc mutant cochleae. (Scale bars, 20 m.)














ing pathway is independent and upstream of Sox2, it plays a role in
the regulation of Sox2 expression. However, our results do not
exclude an additional role for Notch signaling downstream of Sox2.
Specification of the Prosensory Domain Is Independent of Atoh1. The
results described above demonstrate the molecular signaling cas-
cade that specifies prosensory cells within the organ of Corti. Since
it has been reported that hair cells and supporting cells are absent
in Atoh1/ cochlea (7, 14), we wanted to examine if the formation
of the prosensory domain is affected in these mutants. The prosen-
sory marker Sox2 is expressed at E16.5 in the Atoh1/ cochlea (Fig.
5 A and B) (3). Since we demonstrated that Notch signaling is
upstream of Sox2, we examined the expression of the Notch ligand,
Jagged1 in the Atoh1/ mice. Jagged1 is expressed in the area that
is topographically equivalent to the organ of Corti (Fig. 5 C and D),
suggesting that at least the initial phase of Notch signaling is
unaffected in these mutants. Finally, since we provide evidence that
Sox2 is upstream of Prox1 we examined the expression of Prox1.
Prox1 is expressed in the Atoh1/ cochlea at E16.5 similar to its
expression in Atoh1/ cochlea (Fig. 5 E and F). In fact, the
expression pattern of Prox1 at E16.5 in Atoh1/ cochlea is similar
to its expression in undifferentiated sensory epithelia at E14.5 of
WT cochleae (10). These data suggest that the prosensory domain
in the cochlea is specified independent of Atoh1 and the Notch-
Sox2-Prox1 signaling cascade is intact in the Atoh1 mutants.
Discussion
Sox2 is one of the earliest transcription factors expressed in the
prosensory domain of the otocyst. Mutations in SOX2 lead to
sensorineural deafness in humans (15) and to deafness and absence
of sensory structures in the inner ears of mice (3). We show here
that the role of Sox2 is complex and includes both inductive and
antagonistic effects. Our results suggest that the initial expression
of Sox2 plays a direct role in establishing the prosensory domain
within the cochlea and that Sox2 is permissive for the development
of hair cells. The inability of Sox2, or other members of its signaling
cascade (Notch signaling, and Prox1), to induce Atoh1 expression
suggests that either Sox2 functions in a separate pathway from
Atoh1 and unknown factors regulate the initiation of Atoh1 ex-
pression or additional factors are required along with Sox2 to
induce Atoh1 expression. However, following the onset of Atoh1
expression, our data demonstrate that Sox2 levels become down-
regulated in differentiating hair cells and that an antagonistic
interaction between Sox2 and Atoh1 plays a role in this down-
regulation. Similar effects have been observed in the CNS where
SoxB1 genes generally become down-regulated upon differentia-
tion (2) and constitutive expression of SoxB1 genes inhibits differ-
entiation (2, 16). In addition, our data indicate that Sox2 inhibits
inner hair cell formation in a dose dependent manner, suggesting
that the relative ratio of Sox2 to Atoh1 is important for the
regulation of inner, and possibly outer, hair cell fate.
Consistent with this hypothesis is the demonstration of prema-
ture hair cell differentiation and the formation of extra inner hair
cells in cochleae from Sox2 hypomorphic mice, suggesting that
under these circumstances, while sufficient Sox2 is expressed for
formation of the prosensory domain, the amount of Sox2 is
insufficient for its subsequent role as an Atoh1 antagonist. In
addition, while forced expression of Atoh1 alone results in a strong
induction of expression of the hair cell markers Myosin6 and
Myosin7a and the development of a stereociliary bundle in non-
sensory cells, co-expression of Sox2 along with Atoh1 significantly
reduces the number of transfected cells that express hair cell
markers. These data suggest that the capacity of endogenous Atoh1
to direct the commitment of hair cells from prosensory cells seems
to be based, at least in part, on its ability to repress Sox2.
Furthermore, we demonstrate that Prox1 is a downstream target
of Sox2 and that forced expression of Prox1 resulted in the
inhibition of hair cell development. Similarly, co-transfection of
Prox1 and Atoh1 resulted in inhibition of the ability of Atoh1 to
induce expression of the hair cell marker Myo6 in non-sensory cells
suggesting that the inhibitory action of Sox2 is mediated through its
ability to induce Prox1 expression. However, endogenous Prox1
expression in the cochlea is restricted to the lateral domain of the
sensory epithelium—the outer hair cell region (10, 11)—while data
from the Sox2EGFP/LP hypomorphic mice indicated that the inner
hair cell (Prox1-negative) region is most affected. These results
suggest that while Sox2 acts to inhibit Atoh1 through Prox1 in the
outer hair cell region, it also acts, either directly or through an
unidentified intermediary targets, to inhibit Atoh1 in the inner hair
cell region.
While the factors that determine the specific number of cells that
will develop as hair cells are not known, the relatively invariant
number of hair cells within the mammalian cochlea strongly sug-
gests a highly specific regulatory mechanism. One possible factor
could be the expression of Id (Inhibitors of differentiation) genes
which have been shown to antagonize bHLH function and are
specifically down-regulated as cells begin to develop as hair cells (8).
These data suggest that down-regulation of Id expression in a subset
of progenitor cells could allow Atoh1 activity to increase sufficiently
to effectively antagonize and down-regulate Sox2, leading to in-
duction of hair cell formation.
The working definition of the cochlear prosensory domain is a
population of cells with the unique ability to develop as either hair
cells or supporting cells. However, the factors that specify this
domain have not been determined. Here we show that the prosen-
sory domain, marked to differing degrees by Jagged1, Sox2, and
Prox1, forms normally in the absence of Atoh1. These results are
consistent with the suggestion that Atoh1 acts as a pro-hair cell
rather than a prosensory gene (7). In contrast, both Jagged1 and
Sox2 are expressed in patterns that are consistent with prosensory
specification and disruption of either results in the absence of most
or all prosensory cells (3, 12). Moreover, Sox2 expression is
downregulated in the cochleae of Jagged1 conditional mutants (12),
while Jagged1 expression persists in Sox2Lcc/Lcc mice (A. Pelling and
K.S.E.C., unpublished data), suggesting that Jagged1 acts upstream




Fig. 5. The prosensory domain is present in Atoh1 mutants. Sox2, Jagged1,
and Prox1 were used as markers for the prosensory domain. Immunolabeling
was done on apical cochlear sections at E16.5. (A and B) Sox2 immunolabeling
(brown) in Atoh1LacZ/ and Atoh1LacZ/LacZ (mutant) cochleae shows no change
in Sox2 expression. The X-gal staining (blue) illustrates reporter activity for
Atoh1. (C-F) Expression of Jagged1 (red in C and D) and Prox1 (red in E and F)
are also present in the Atoh1 mutants. OC, organ of Corti; SG, spiral ganglion.
(Scale bars, 20 m.)
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that Notch signaling is upstream of Sox2. These results, along with
the results of forced expression of Notch-ICD in chick inner ear (17),
suggest that activation of one of the Notch receptors acts to induce
prosensory identity. Here we demonstrate that this probably occurs
through induction of Sox2. This is in contrast to the eye and
neocortex, where it has been shown that Sox2 appears to act
upstream of Notch signaling (9, 18). However, the demonstration
that inhibition of Notch signaling within an existing prosensory
domain leads to down-regulation of Sox2 expression suggests that
the role of Notch in Sox2 expression extends beyond the period of
Sox2 induction. Moreover, we hypothesize that the extra hair cells
observed in Notch1 conditional mutant cochleae (19) might occur,
at least in part, because the loss of Notch1 leads to a decrease in the
level of Sox2 within the existing prosensory domain. Since Sox2 acts
to antagonize Atoh1, the loss of Sox2 could result in increased
activity of Atoh1 and, as a result, to an increase in the number of
cells that develop as hair cells, similar to the phenotype in Sox2
hypomorphic mice.
Our gain-of-function experiments using KO and the LER as
model cell populations to examine the signaling pathways that
specify prosensory cell fate within the otocyst suggest a signaling
cascade in which Sox2 is expressed in response to Jagged1-mediated
activation of Notch, and that Sox2 in turn induces expression of
Prox1. However, it is important to note that while forced expression
of either NICD or Sox2 leads to induction of Sox2 or Prox1
respectively, data on the endogenous expression patterns of acti-
vated Notch, Sox2, and Prox1 (1) which are not exactly overlapping,
suggest that additional unidentified modifiers act to modulate the
expression of each target.
In summary, the results presented here demonstrate that Sox2 is
centrally situated in inner ear development functioning both as a
node, receiving signals from several inputs, including Notch signal-
ing, and as a junction, directing signals to different effectors that
apparently play unique roles in sensory development. Additional
work to identify other molecular components of the Sox2 pathway
should identify crucial co-factors (20, 21) that determine the
different molecular effects of Sox2 in different cells and at different
developmental time points during inner ear development. In ad-
dition to the upstream Notch signaling that we describe, it would be
interesting to investigate whether Wnt and/or FGF signaling, both
known to play early roles in inner ear development (22–24), also
converge to activate Sox2 expression as they do in developing neural
plate (25).
Experimental Procedures
Organotypic Explant Cochlear Cultures. Cochlear cultures from E13 embryos
wereestablishedasdescribedpreviously (26) (see SIMethods formoredetails). To
inhibit notch signaling, the -secretase inhibitor N-[(3,5-Difluorophenyl)acetyl]-
L-alanyl-2-phenyl]glycine-1,1-dimethylethyl ester (DAPT) was added to explants
at a concentration of 50 M and replenished every day for six days. At the
conclusion of each experiment, explants were fixed in 4% paraformaldehyde for
30 min and analyzed by immunohistochemistry.
Cell Cultures. Transfections in P19 cells were carried out using Lipofectamine2000
reagent (Invitrogen) according to manufacturer’s instructions. Cells were fixed in
4% PFA for 20 min and analyzed by immunohistochemistry using indicated
antibodies. Cell nuclei were counterstained with DAPI nuclear stain (Molecular
Probes, 1:5000).
Immunohistochemistry. Immunocytochemistry was performed on cochleae and
cochlear explant cultures as described previously (7, 8) (see SI Methods for more
details).
Expression Constructs. See SI Methods for details.
Electroporation. Individual cells in cochlear explants were transfected using
square-waveelectroporationasdescribedpreviously (8) (SeeSIMethods formore
details).
Quantification of Changes in Cell Fate. See SI Methods for details.
Generation of Sox2Lcc/Lcc, Atoh1lacZ/lacZ, and Sox2LP/EGFP Mice. Sox2Lcc/Lcc (3),
Atoh1lacZ/lacZ (14), and Sox2LP/EGFP (9) mutants were generated by crossing
Sox2/Lcc, Atoh1/LacZ, and Sox2/EGFP x Sox2/LP mice respectively.
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